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Abstract — Aim: The aim of this study was to assess whether chronic alcohol misuse affects N-methyl-D-aspartate (NMDA) receptor
subunit concentrations in human cases, and whether male and female subjects respond differently. Methods: Real-time RT-PCR
normalized to GAPDH was used to assay NR1, NR2A and NR2B subunit mRNA in superior frontal (SFC) and primary motor (PMC)
cortex tissue obtained at autopsy from chronic alcoholics with and without comorbid cirrhosis of the liver, and from matched controls.
Results: The expression of all three subunits was significantly lower in both areas of cirrhotic alcoholics than in either controls or
alcoholics without comorbid disease, who did not differ significantly. Values were also influenced by the subject’s sex and genotype.
The p-opiate receptor C1031G polymorphism selectively modulated NMDA transcript expression in cirrhotic-alcoholic SFC, an effect
that was more marked for NR1 and NR2A than for NR2B subunit transcripts. Contrasting SHT1B genotypes affected NMDA mRNA
expression differently in male and female SFC, but not PMC, in cirrhotic alcoholics. Conclusion: NMDA receptor subunit expression
may differentially influence male and female cirrhotic alcoholics’ susceptibility to brain damage.

INTRODUCTION

Alcoholism is a complex disease with genetic and environmen-
tal influences. No genetic factor is predictive of its develop-
ment; rather, predisposition for alcohol misuse and addiction
is determined by polymorphisms in a large number of genes.
Several loci associated with alcoholism have been identified;
many of these are genes encoding neurotransmitter receptors
and transporters (reviewed in Enoch (2003)).

The endogenous opioid system is implicated in alcohol mis-
use (reviewed in Oswald and Wand (2004)), in part because
naltrexone blocks alcohol-induced increases in dopamine lev-
els in rat nucleus accumbens (Benjamin et al., 1993). The latter
process is central to many addictions (Pierce and Kumaresan,
2006). Opioids tonically inhibit the hypothalamic—pituitary—
adrenal (HPA) axis in the stress response; opioid dysfunction
may underlie atypical stress responses that could reinforce al-
cohol dependence, as has been proposed for heroin addiction
(reviewed in Kreek et al. (2005)). The intronic C1031G SNP of
the p-opioid receptor gene OPRM]1 is significantly associated
with opioid dependence in a Chinese population (Szeto ef al.,
2001), but not with drug or alcohol dependence in European
Americans (Zhang et al., 2006).

Serotonin (SHT) plays roles in mood, sleep and appetite;
serotonergic dysfunction is associated with mood disorders
and addiction. Its actions are mostly mediated by G-protein-
coupled receptors (GPCRs) linked to Ca’>* and cAMP (Hoyer
et al., 2002). Serotonergic antagonists, neurotoxins and up-
take enhancers that reduce brain SHT increase ethanol intake
by animals; whereas the administration of SHT, SHT-releasing
compounds or selective serotonin re-uptake inhibitors (SSRIs)
can increase brain SHT and reduce ethanol intake
(LeMarquand et al., 1994). SHT metabolite concentrations rise
in human CSF and urine during acute alcohol exposure, and
SSRIs have had some success in the treatment of alcohol
misuse (Lovinger, 1997). The G861C polymorphism G allele
of the SHT1B receptor gene HTRIB is associated with alco-
holism (Fehr et al., 2000) and alcoholism combined with anti-

social personality disorder (Soyka et al., 2004), whereas the C
allele is over-represented in alcoholics with inactive aldehyde
dehydrogenase-2 (ALDH2*2; Hasegawa et al., 2002).

Substance misuse differs between the sexes. Whilst preva-
lence is lower in women, consumption of alcohol, marijuana,
opioids and cocaine escalates more rapidly (reviewed in Becker
and Hu (2008)). A given ethanol dose, adjusted for body weight,
leads to a higher blood alcohol concentration in women, despite
more rapid elimination. This has been attributed to sex differ-
ences in body fat, although there is evidence that differences
in gastric ethanol metabolism also play a role (Baraona et al.,
2001). Atrophy of the brain through alcohol misuse reaches
similar levels in male and female subjects even though females
have lower average alcohol consumption over a shorter period
of time (Mann et al., 2005). The HTRIB G861C G allele is
over-represented in male alcoholics, but not in females (Fehr
et al., 2000).

The underlying mechanism of alcohol-induced brain dam-
age, in particular the loss of neurones (Harper and Kril, 1990),
may involve an imbalance in excitatory—inhibitory neurotrans-
mission. Glutamate is the major excitatory neurotransmitter of
the CNS; its action is mediated by post-synaptic membrane-
bound receptors that include the ionotropic «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate
(KA) and NMDA classes.

The NMDA glutamate receptor (NMDAR) is a major target
for ethanol. Binding of the native agonist, glutamate and the
co-agonist, glycine, produces a conformational change to open
an intrinsic ion channel that allows the influx of cations, no-
tably calcium, into the cell. The NMDAR is probably a tetramer
comprising two NR1 and two NR2 subunits (Laube et al., 1998;
Furukawa et al., 2005). The NR1 subunit is encoded by a single
gene (GRINI) that has eight splice variants; NR2 subunits are
coded by four separate genes (GRIN2A—D). Varying subunit
combinations give NMDARSs diverse pharmacokinetic proper-
ties (Hynd et al., 2004).

Acute exposure of NMDARS to ethanol reduces Ca?* influx,
to an extent not only dependent on the identities of the NR2
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subunits but also influenced by the NR1 variants present (Jin
and Woodward, 2006). Chronic exposure of animals to alcohol
can lead to a compensatory increase in NMDAR functionality
through increased expression of NMDAR subunits; however,
the experimental paradigm used can greatly influence which
subunit is affected and the magnitude of the change. The largest
alteration in expression occurs during withdrawal following
a constant exposure or repeated deprivation protocol (Gulya
et al., 1991; Darstein et al., 2000; Nixon et al., 2004; Haugbol
et al., 2005; Nelson et al., 2005; Raeder et al., 2008).

The influence of sex on molecular changes has not been
extensively studied in human brain, despite its vulnerability
(Harper et al., 1990). Rodent models of chronic ethanol depen-
dence and withdrawal show sex differences in the expression
of y-aminobutyric acid (GABA) and NMDA receptor subunits
(Devaud and Morrow, 1999; Devaud and Alele, 2004). NR1
subunit expression is greatly increased in the cortex of female
rats, both whilst they are actively drinking and after 3 days of
withdrawal, but is unchanged in males (Devaud and Morrow,
1999; Devaud and Alele, 2004). After 3 days of withdrawal,
NR2A subunit expression is increased in male, but not female,
rats, while NR2B expression is increased in both sexes (Devaud
and Alele, 2004).

Different genetic markers are associated with increased risk
of alcohol misuse, dependence, craving, tolerance and with-
drawal severity. The effects of these polymorphisms can pre-
dispose an individual to alcohol misuse, or make an individ-
ual more susceptible to its effects. Polymorphisms may not
only alter the product of the parent gene (e.g. by changing the
amino-acid codon) but may also have pleiotropic effects, i.e. the
changes in one gene may affect the expression of, or activity of
the product of, another gene. Since it is very difficult to acquire
sufficient numbers of subjects at autopsy to perform detailed
gene-frequency analyses, we rely on the literature to identify
protective or risk genotypes (Enoch, 2003), and partition our
transcript expression data according to these to determine their
effects.

We used real-time RT-PCR to quantify the relative expres-
sion of NMDAR NR1, NR2A and NR2B subunit mRNA in
human autopsy brain tissue. Superior frontal (SFC) and pri-
mary motor (PMC) cortex tissue was obtained from alcoholics
without comorbid disease, alcoholics with cirrhosis of the liver
and matched controls. We report significant differences in the
patterns of expression of these transcripts between the sexes
that were further modulated when cases were partitioned by
genotype.

MATERIALS AND METHODS

Tissue

Unfixed frozen tissue samples were obtained from the Queens-
land Brain Bank and the NSW Tissue Resource Centre in
collaboration with the Australian Brain Bank Network. Eth-
ical clearance was obtained from the University of Queensland
Medical Research Ethics Committee, HEC #2006000901. The
subjects groups were expanded from, and overlapped to a large
extent with, those used in two recent studies (Ridge et al., 2008;
Ridge and Dodd, 2009), augmented by the availability of further
genotype data. Full macroscopic and microscopic examinations

Table 1. Details of subjects

Group N Age (years) PMI (hours)
Control 21 59.27 £ 2.98 33.20 + 5.05
Female 10 52.62 £4.31 34.54 +7.30
Male 11 65.92 £4.11 31.85 £ 6.96
Alcoholic without 23 51.07 £ 2.87 29.75 + 4.86
comorbid disease
Female 10 46.31 £4.31 27.53 +17.30
Male 13 55.82 +3.78 31.97 £ 6.41
Cirrhotic alcoholic 14 57.88 + 3.68 30.15 + 6.24
Female 6 58.35 £5.56 28.88 +£9.43
Male 8 5742 +£4.82 3143 £8.17

PMI, post-mortem interval. For both parameters, neither the group or sex main
effect nor the group by sex interaction was statistically significant. Overall
mean ages: females, 52.43 & 2.75 years; males, 59.72 + 2.46 years; overall
mean PMI values: females: 30.31 + 4.66 hours, males: 31.75 & 4.17 hours.
Values are means = SEM.

were carried out at autopsy and the cause of death determined.
For each case, information on general health, diet, alcohol in-
take, medication and the presence of alcohol-related diseases
such as cirrhosis of the liver, was available from medical records
and autopsy reports. No subject had clinical or pathological ev-
idence of neurological or psychiatric disease (apart from alco-
holism) prior to death. According to the reports, no patient was
a polysubstance or intravenous drug user, and none was on pre-
scribed neuroactive medication. Cases were divided into groups
depending on alcohol intake and the presence of complicating
disease. Full liver pathology, which differentiated cirrhotic and
non-cirrhotic participants, was available in every case. Controls
were teetotal or had low alcohol intake (<20 g of ethanol per
day), whereas alcoholics consumed >80 g of ethanol per day.
All the alcoholics had been misusing ethanol for most of their
adult lives, and in almost all instances where information was
available had been drinking up until the time of death: mean
alcohol-misuse durations were 38 years for non-cirrhotic and
40 years for cirrhotic alcoholics. Full consumption details were
not available in every case, but where they were, the average
daily consumption by alcoholics without comorbid disease was
13 standard drinks (130 g ethanol); it was 25 standard drinks
(250 g ethanol) for alcoholics with cirrhosis. At autopsy, one
hemisphere was fixed in formalin for pathological examination,
the other dissected in the mortuary to minimize the delay to cry-
oprotection. Pieces of unfixed cerebral cortex (1-5 cm?) were
immediately immersed in ice-cold 0.32 M sucrose, brought to
the laboratory, frozen slowly and stored at —80°C until analy-
sis. These procedures are optimal for the preservation of tissue
components (Dodd et al., 1986). Details of cases are shown in
Table 1.

RNA

Total RNA was extracted from brain tissue using Trizol reagent
(Invitrogen, Mount Waverley, Victoria, Australia) following the
manufacturer’s protocol. RNA was quantified spectrophoto-
metrically and stored at —80°C. cDNA was made from 2 ug
of total RNA using oligo-dT primers and Superscript III Re-
verse Transcriptase® (Invitrogen) following the manufacturer’s
instructions. cDNA was diluted 50-fold for real-time PCR.
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Table 2. GAPDH Ct values

Female Male Overall group Combined group
SFC! PMC! SFC! PMC! Mean®¢ Mean%®
Control 20.23 £0.32 20.86 £ 0.39 19.70 £ 0.31 19.99 £ 0.37 20.20 £0.21
Non-cirrhotic alcoholic 21.31£0.32 21.01 £0.39 20.36 £ 0.28 20.77 £0.34 20.86 £ 0.20 20.54 £0.15
Cirrhotic alcoholic 21.12+£0.38 21.05 £ 0.46 20.69 £+ 0.38 20.92 £+ 0.46 20.94 £+ 0.26 20.89 £+ 0.15
Overall sex mean®® 20.93 £0.19 20.40 £ 0.18

#Main effect for group, F2,52 = 3.601, p = 0.034; bmain effect for sex, F1 5o = 4.193, p = 0.046; “group X sex interaction, F, 5 = 0.21, p = 0.81; dmain effect
for combined controls plus alcoholics without comorbid disease versus cirrhotic alcoholics, Fj 54 = 1.742, p = 0.14; ®main effect for combined alcoholics versus
control, Fy 54 = 7.277, p = 0.009; main effect for area, Fi 50 =4.193, p = 0.22; all group or sex interactions with area were non-significant, p > 0.3. Values are

means £+ SEM.

Real-time PCR

The level of mRNA transcripts of NR1, NR2A, NR2B and
GAPDH were determined using the following primer pairs:

NR1-RTF, 5'-GTCCACCAGACTGAAGATTGTGAC-3;
NR1-RTR, 5'-CTCCTCCTTGCATGTCCCA-3;
NR2A-RTF, 5-GCTCTTCTCCATCAGCAGGG-3';
NR2A-RTR, 5-GGATCCCGTCAGATTGAAGTCT-3;
NR2B-RTF, 5'-GGTCTTCTCCATCAGCAGAGG-3';
NR2B-RTR, 5-TGTTGTTCATGGTTGCGGT-3';
GAPDHE, 5'-GGCATGGACTGTGGTCATGAG-3';
GAPDHR, 5'-TGCACCACCAACTGCTTAGC-3'.

Primers were used at 300 nM final concentration. Then,
2.5 uL diluted cDNA together with the appropriate primers was
added to 12.5 uL SYBR® Green PCR Master Mix (Applied
Biosystems, Scoresby, Victoria, Australia) in a total volume of
25 pL. Real-time PCR was carried out using an ABI Prism 7000
Sequence Detection System (Applied Biosystems) with cycling
parameters of denaturation at 95°C for 10 min, then 45 cycles
of 95°C for 15 s and 60°C for 1 min. All four transcripts were
measured in each sample in duplicate. Replicates with cycle
threshold (C) values that differed by >0.3 standard deviations
were re-run until consistency was achieved. Expression values
were normalized to GAPDH and are reported in units of 274,
where AC; is the difference in C; values between the target and
GAPDH transcripts in the same sample.

Genotyping

The MOR C1031G and 5SHT1B G861C polymorphisms were
genotyped using PCR followed by restriction enzyme diges-
tion as described by Lappalainen et al. (1998) and Szeto et al.
(2001), respectively. In brief, for MOR C1031G, a 145 bp frag-
ment was amplified using the following primers: (F) 5'-GCT
CTG GTC AAG GCT AAG AAT-3" and (R) 5'-CCA GGT TGG
ATG AGA GAG AAT G-3'. The PCR product was digested by
HinfT at 37°C overnight and the fragments displayed in 4%
agarose gels by electrophoresis. The G allele was indicated by
an uncut 145 bp band, and the C allele gave a 124 bp and
a 21 bp band. For SHT1B G861C, PCR amplified a 452 bp
fragment with the following primers: (F) 5-GAA ACA GAC
GCC CAA CAG GAC-3 and (R) 5-CCA GAA ACC GCG
AAA GAA GAT-3'. The PCR product was digested by Hincll
at 37°C overnight and the fragments resolved on a 2% agarose
gel. The G allele was represented by an uncut 452 bp band; the
C allele gave a 310 bp and a 142 bp band.

Statistical analysis

Normal probability plots showed that the AC; values, but not
the 272Ct values, were normally distributed (Ridge et al.,
2008). Hence, AC; values were used in all statistical analy-
ses, and then the computed means were converted to 272t
values for presentation. Analyses of variance (ANOVA) and
covariance (ANCOVA) were performed using SPSS software
(SPSS Inc, Chicago, IL, USA). Pairwise comparisons used
Newman—Keuls post hoc tests. Exact probabilities are quoted
where possible; statistical significance was accepted at
P < 0.05.

RESULTS

Overall effects

Preliminary analysis showed that mRNA expression values
were quite stable over the entire range of post-mortem intervals
encountered here (Ridge et al., 2008). Neither the subject’s age
at death nor the length of time the tissue had been in storage
at —80°C were significant confounds (Ridge er al., 2008),
though we took care to ensure that frozen tissue samples had
never been thawed prior to extraction. In previous work, we
found no significant difference in GAPDH C, values between
different groups of alcoholics and controls, nor between brain
areas within subjects, nor in the interactions between these
factors, i.e. GAPDH was a suitable housekeeper for this work
(Ridge et al., 2008). When we further sub-divided cases by
sex we found that this partitioning of the variances revealed
differences between case groups and sexes (Table 2). It may be
seen that both sets of alcoholic subjects had slightly higher C;
values (lower levels of GAPDH mRNA) than controls, while
females had slightly higher C; values than males. These two
effects were additive (sex x group interactions were not signif-
icant), and there were no significant within-subject differences
between brain regions.

We have previously shown that the expression of NMDA re-
ceptor transcripts is significantly lower in both SFC and PMC
in cirrhotic alcoholics than in the homotropic regions in either
controls or alcoholics without comorbid disease, and that the
latter two groups do not differ significantly from each other
(Ridge et al., 2008). When the sexes were separated, the lack
of difference between controls and alcoholics without comor-
bid disease remained (Fig. 1A). When these two groups were
combined, the decrease in expression in male cirrhotic alco-
holics was less marked than that in female cirrhotic alcoholics,
in both cortical areas (Fig. 1B). Indeed, the pairwise differences
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Fig. 1. Overall mean NMDAR mRNA expression. The expression of each tran-
script was calculated in units of AC; relative to GAPDH; these values were then
averaged across the three transcripts and converted to 272! for presentation.
SFC, superior frontal cortex; PMC, primary motor cortex. (A) Expression in
the three case groups (control, white bars; alcoholic without comorbid disease,
lightly shaded bars; cirrhotic alcoholic, darkly shaded bars), F> 41 = 3.478;
P = 0.04. It may be seen that values in controls and non-comorbid alcoholics
were largely similar. (B) Cirrhotic alcoholics (darkly shaded bars) versus all
other subjects (control plus alcoholic without comorbid disease; lightly shaded
bars), Fi 46 = 6.125; P = 0.017. In post hoc testing, expression was sig-
nificantly lower overall in female cirrhotic alcoholic subjects than in female
combined control plus non-cirrhotic alcoholic subjects, P = 0.046, but the
equivalent comparison failed to reach statistical significance for male subjects.
Values are means = SEM.

only attained statistical significance in females in post hoc tests
(Fig. 1B, legend). It should be emphasized that the combined
group means in Fig. 1B are least-squares geometric averages
of the controls plus non-comorbid alcoholic means shown in
Fig. 1A.

Alcoholics without comorbid disease

Cortical NR1 levels are reportedly higher in female, but
not male, alcohol-dependent rats than in the respective con-
trols (Devaud and Morrow, 1999; Devaud and Alele, 2004).
We did not find a comparable effect in human subjects: if
anything, the opposite tendency was seen in the patholog-
ically relevant SFC. NR1 expression was non-significantly
lower in female non-cirrhotic alcoholic SFC than in con-
trol female SFC, whereas NR1 expression trended higher in
male non-cirrhotic alcoholic SFC than in control male SFC
(Fig. 2A). In the PMC, NR1 expression differed little or trended
lower than controls in alcoholics without comorbid disease of
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Fig. 2. Case group and sex differentially modulate the regional expression of
NMDAR subunit transcripts. Key as for Fig. 1. The interaction was significant,
Fy4 g =3.371; P = 0.013. Values are means + SEM.

either sex (Fig. 2A). NR1 expression levels in the PMC of both
uncomplicated alcoholics and controls were lower than those
in the respective SFC of these two groups (Fig. 2A).

The NR2A transcript showed no significant variations when
alcoholics without comorbid disease were compared with con-
trols. In line with the NR1 data, there was slightly higher NR2A
expression in male non-cirrhotic alcoholic SFC than in control
male SFC (Fig. 2B). Values in females were almost identical in
both brain regions; this was also true of male PMC (Fig. 2B).

NR2B expression showed a different pattern from the other
two transcripts, with higher levels in the SFC of non-cirrhotic
alcoholics of both sexes than in control SFC. NR2B expression
was also higher in the PMC of male alcoholics than in male
control PMC, but this trend was not seen in female PMC, where
NR2B expression did differ from that in female control PMC
(Fig. 20).

Cirrhotic alcoholics

To varying degrees, cirrhotic alcoholics showed lower expres-
sion of all transcripts than controls. In females, the differences
were most marked for NR1 and NR2A in both areas, and for
NR2B in PMC, but not SFC (Fig. 2). None of the differences
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between male cirrhotic alcoholics and male controls, in either
area, were large. NR2B expression was notably lower in cir-
rhotic alcoholics than in non-cirrhotic alcoholics (Fig. 2C).

Genotype effects

Subjects were assayed for a number of single-nucleotide poly-
morphisms (SNPs) and the expression data partitioned accord-
ing to these genotypes. The p-opioid receptor polymorphism
MOR C1031G (rs2075572) is reportedly associated with heroin
and alcohol addiction (reviewed in Kreek et al. (2005)). Par-
titioning of our data according to this genotype delineated no
basal sex differences in expression (lower-order interactions
were not significant, see Fig. 3, legend). However, when the
subjects were also divided by the case group, there were marked
differences in the pattern of expression in the SFC of cirrhotic

Ridge et al.

alcoholics compared with the other subjects (Fig. 3). For the
controls and uncomplicated alcoholics, the C1031G genotype
did not modulate the pattern of expression of combined tran-
scripts in any significant way. However, whilst cirrhotic al-
coholics that were heterozygous at this locus conformed to
the pattern reported above (Fig. 1), GG homozygotes showed
markedly higher expression than controls in SFC, whilst ex-
pression was notably lower in CC homozygotes (Fig. 3A). No
such effect was seen in PMC. It is apparent from the strength
of statistical interaction that the effect is confined to cirrhotic
alcoholics (Fig. 3B). When the transcripts were analysed sepa-
rately, the higher-order interaction was also significant (Fig. 3,
legend). NR1 and NR2A expression patterns were very similar
to the averages shown in Fig. 3A, but MOR C1031G genotype
had much less of a differential effect on NR2B expression in cir-
rhotic alcoholic SFC (not shown). The patterns shown in Fig. 3
did not differ between the sexes (not shown).

The data were divided according to the G861C polymor-
phism of the SHT g receptor (rs6296); as the minor (C) zygosity
is relatively rare, subjects were classified according to posses-
sion of, or lack of, this allele. When average NMDAR transcript
expression values were compared, males and females differed
according to this genotype. In the SFC of cirrhotic alcoholic
females lacking a C allele the averaged expression of NMDAR
transcripts was comparable to that in controls (Fig. 4A). In
contrast, SFC expression in cirrhotic alcoholic females posi-
tive for the C allele was lower than that in control female SFC
(Fig. 4A). The SFC of male subjects showed a mirror-image
pattern: cirrhotic alcoholics lacking a C allele had lower aver-
aged transcript expression than non-cirrhotic subjects, whereas
averaged transcript levels were similar across all subjects that
possessed a C allele (Fig. 4A). The levels of all transcripts in the
PMC of cirrhotic alcoholics were lower than those in the other
two groups, with no notable effect of the genotype (Fig. 4B).

DISCUSSION

There is a wealth of studies to show that mediators of amino
acid transmission, particularly GABA receptors, are aberrant
in pathologically relevant regions of the brain in alcoholics.
GABA, receptor binding, pharmacology and subunit expres-
sion in SFC differ most markedly from controls in alcoholics
without comorbid disease; cirrhotic alcoholics show more
muted differences, despite more-severe pathology (Harper and
Kril, 1990; Dodd et al., 1992; Thomas and Dodd, 1993; Lewohl
etal., 1996, 1997a, 1997b, 2001). It is therefore of interest that
this scenario is reversed for NMDA receptors, i.e. cirrhotic
alcoholics show marked differences whereas alcoholics with-
out comorbid disease show no, or muted, effects (Ridge et al.,
2008). Given the growing problem of female drinking in our so-
cieties, and the increased vulnerability of the female brain, the
present study explored the latter result further. From a panel of
over 20 SNPs in a range of genes reportedly associated with al-
cohol misuse, we found two that gave the strongest interactions
with the case group, sex and regional transcript expression. It
is noteworthy that subjects who start abusing alcohol early in
life, and who are thus more likely to develop severe, chronic
alcohol misuse, exhibit problems with mood and aggression
control and may have a serotonin deficit (Buydens-Branchey
etal., 1989).
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The effect of sustained ethanol exposure on the expression of
NMDAR subunits has been studied in animal models. The ma-
jority of these studies have only used male animals (Gulya et al.,
1991; Trevisan et al., 1994; Darstein et al., 2000; Raeder et al.,
2008). Changes in NMDAR expression are highly dependent
on the experimental paradigm used; there are differing reports
of which subunits are altered and in which areas this occurs.
Several groups have found changes in sub-cortical regions, but
not in cortex (Trevisan et al., 1994; Nixon et al., 2004; Raeder
et al., 2008). When studies were extended to both sexes, NR1
subunit expression was unaffected by alcohol administration in
the cortex of males but significantly increased in the cortex of
females (Devaud and Morrow, 1999; Devaud and Alele, 2004).

To perform comparative studies in human brain tissue re-
quires several conditions to be met (Hynd et al., 2003). In par-
ticular, the relevant transcripts must be sufficiently stable post-
mortem to allow consistent PCR amplification and analysis. We
have generally found GAPDH to be a suitable housekeeper for
studies of autopsy cortex from subjects undifferentiated by sex.
The significant differences in GAPDH A C; shown here reflect
both an unexpected difference between males and females, and
the high level of precision achievable with real-time PCR. The
slightly higher GAPDH AC; values (lower mRNA expression)

in both groups of alcoholics are consistent with a mild degree of
neurodegeneration, especially in SFC, and a widespread loss
of dendritic arbour (Harper and Kril, 1990). This could re-
duce mRNA integrity, and thus affirm that GAPDH is a good
housekeeper in this context. Alternatively, cellular intermedi-
ary metabolism may be somewhat compromised in alcoholics.
Whether the latter is the explanation for the overall difference
between males and females is not clear. Note that the average
difference between alcoholics and controls (~0.7 C; units) or
between males and females (~0.5 C; units) is not trivial, since
one PCR cycle doubles the amount of amplimer when cycling
parameters are optimal—as was the case here. In future studies,
it would be of value to assess alternative housekeepers; from
a statistical viewpoint, it would probably also be preferable
to analyse target expression values in C; units using GAPDH
C; as a covariate, to conform more closely to transcript copy
numbers.

Male human alcoholics without comorbid disease conformed
to the rodent models in that SFC NR1 and NR2A subunit ex-
pression was modestly higher than that in controls; controls and
non-cirrhotic alcoholics showed comparable NR1 and NR2A
expression in PMC. Levels of NR2B subunit transcripts were
higher in both areas and accounted for almost all the increase
in the mean NMDAR mRNA in PMC. The NR2B finding sup-
ports the hypothesis that it is the most responsive to alcohol
exposure: non-human models show the greatest changes in this
subunit (Nelson et al., 2005; Sheela Rani and Ticku, 2006).
Increased NR2B levels in both sexes of a rodent model have
been reported (Devaud and Alele, 2004).

Female alcoholics without comorbid disease showed an un-
expected pattern. In contrast to the rodent models, all three
subunits showed no significant differences from controls in ei-
ther area. NR1 transcript expression was slightly lower in both
areas, while expression of the other two either did not differ or
was slightly higher, depending on cortical area. For both males
and females, differences in subunit expression prior to drink-
ing cannot be ruled out. Alternatively, the patterns may reflect
selective differences in responsiveness of NMDAR subtypes
to alcohol: as a proportion of SFC neurones are lost in severe
chronic alcoholics (Kril et al., 1997), the observed patterns may
reflect the surviving cellular architecture.

On considerations like this, it might be expected that cirrhotic
alcoholics would show similar, but more marked, changes than
alcoholics without comorbid disease, because cirrhotic alco-
holics show, on average, greater levels of alcohol misuse and a
more severe pathology; the incidence of cirrhosis rises with al-
cohol consumption (Kril and Harper, 1989; Saunders and Latt,
1993). Cirrhotic alcoholics may thus be more severely diseased,
and it is notable that in our case groups their average daily con-
sumption was indeed higher than that of alcoholics without co-
morbid disease (see the Materials and methods section). Effects
that are more marked in cirrhotic alcoholics may reflect life-
time alcohol use, and alcoholics with varying degrees of neu-
ropathological abnormalities may represent stages on a dosage
continuum. However, our findings do not accord with this, as
the cirrhotic alcoholics showed saltatory differences from both
controls and alcoholics without comorbid disease. Liver dam-
age may have additive effects to alcohol neurotoxicity, because
the damaged liver is unable to process a range of toxins (espe-
cially ammonia) that can penetrate the brain (Butterworth et al.,
1987). It is difficult to model these effects in laboratory
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rodents, since chronic administration of alcohol alone, even for
periods of many months, does not induce cirrhosis (Leo and
Lieber, 1983). There are also differences between males and
females in vulnerability to cirrhosis, most likely because of
differences in first-pass metabolism (Buydens-Branchey et al.,
1989). Alcoholics with liver damage may be more susceptible
to alcohol neurotoxicity as a result of a genetic predisposition
(Dodd and Lewohl, 1998). Findings presented here suggested
that the subject’s genotype modulates NMDAR subunit mRNA
expression—particularly in subjects with cirrhosis of the liver.

Opioids

Our data on the set of cases from which the current subjects
were drawn show no association between the OPRM1 C1031G
polymorphism and alcoholism (not shown), although analy-
sis is still at a preliminary stage. However, cirrhotic alcoholic
subjects homozygous for the C1031G G allele showed higher
expression of all three NMDAR subunits. This may reflect
differences in the pattern and frequency of drinking in GG sub-
jects, which was further influenced by comorbid liver disease to
lead to a large compensatory increase in NMDAR expression.

Serotonin

The SHT1B receptor modulates the release of other neuro-
transmitters, including acetylcholine, glutamate, dopamine and
GABA (Hoyer et al., 2002). Studies in mice suggest it mediates
the intoxicating effects of alcohol (Crabbe et al., 1996). Divi-
sion of our data using the G861C genotype showed distinct,
complementary differences in NMDAR transcript expression
between the male and female cirrhotic alcoholic cases in SFC.
Female cirrhotic alcoholics showed similar NMDAR expres-
sion to controls in SFC if they lacked a C allele. In male cir-
rhotic alcoholic SFC, possession of a C allele led to expression
levels similar to controls. Sex differences in the SHT system,
or its dysfunction, may affect drinking patterns. This may un-
derlie differences in psychiatric disorders amongst alcoholics,
where males are more likely to present with antisocial person-
ality disorders, whereas female are more likely to present with
depressive disorders (Enoch, 2003).

CONCLUSIONS

Male and female subjects present different treatment issues
when they misuse alcohol. At least some of these differences
may reflect differing susceptibility to brain damage, or dif-
ferences in plasticity in dependence pathways. The ability to
identify subjects at greatest risk, perhaps by assaying simple
genetic markers, may prove of value in counseling and the
development of targeted treatment paradigms.
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